Cross sections for radiative neutron capture on unstable nuclei at low energies are difficult to calculate with high precision, and can be impossible to measure directly. It is therefore important to explore alternative methods. The prospects of one such method, the Surrogate Nuclear Reaction Technique, is currently being investigated at Lawrence Livermore National Laboratory. The purpose of this paper is to outline the strategy for combining the results from a surrogate experiment with theoretical calculations in order to extract the desired cross section.
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INTRODUCTION
The Surrogate Reaction Technique is an innovative method for indirectly determining cross sections for a particular type of reaction, namely two-step reactions proceeding through a compound nucleus (CN). Note that a large number of capture cross sections relevant to astrophysics are of this type, and that they sometimes can be very difficult to study directly due to target or beam limitations. The basic idea of the Surrogate approach is to replace the first step of the "desired" reaction by an alternate ("surrogate") reaction that populates the same CN. The subsequent decay of the CN into the relevant channel can then be measured and used to extract the desired cross section.
A general overview of the Surrogate project at LLNL, together with the historical background of the method, can be found in Ref. [1] . In the following, the theoretical framework will be outlined, and the main challenges will be highlighted. Particular attention will be devoted to the mismatch between the spin-parity distribution of the intermediate state populated in a low-energy, neutron-capture reaction versus that produced by a surrogate, direct reaction.
HAUSER-FESHBACH FORMALISM
The analysis of surrogate reactions relies heavily on CN reaction models. Let us consider the case of a reaction leading from an incoming channel a + A (= α) via an intermediate state B
* to an outgoing channel c + C (= χ). Using Hauser-Feshbach theory, which rigorously conserves total angular momentum and parity, the energy-averaged cross section σ αχ (E) for this reaction is written as a sum
where we use E to denote the excitation energy of the CN. Assuming that the Bohr hypothesis of independence between formation and decay holds separately for each value of total angular momentum and parity, we can write
The CN formation cross section, σ CN α (E, J, Π), and the decay width, Γ χ (E, J, Π), of the CN in channel χ are energy-averaged quantities. The denominator contains a sum over all open channels and thus represents the total decay width. In general there are correlations between the widths which distorts this simple picture. These correlations can be described by width fluctuation factors, W αχ , but we will for simplicity omit them in our formulae.
Hauser-Feshbach theory, which is based on an explicit average over resonances, gives results that can be compared to optical-model calculations, which also yields energyaveraged reaction cross sections. This leads to a relationship between the decay widths and the transmission coefficients describing the absorption in the (complex) optical potential
where {j χ } indicates the set of quantum numbers required to specify a particular channel χ, and the factor f ({j χ }, J, Π) ensures angular momentum and parity conservation. In many cases one cannot measure the cross section of a reaction leading to a single final state, but one measures the cross section for populating all the available final states corresponding to a residual nucleus C with energy between U C and U C +dU C . Introducing the level density, ρ (U C , I C , π C ), we arrive at the following Hauser-Feshbach formula
The integral in the Hauser-Feshbach denominator sums over all states in the residual nucleus of channel χ that are energetically reachable. Note that the level density reduces to a product of delta functions for discrete states. In general the evaluation of the HauserFeshbach denominator is plagued by large uncertainties stemming from the level density description. This fact is, e.g., reflected in the very large error bars of many calculated (n, γ) cross sections relevant for astrophysics. We summarize this section by introducing a generalized Hauser-Feshbach expression written as a sum over products of formation cross sections and branching ratios 
APPLICATION TO SURROGATE REACTIONS
Let us now apply the results of the previous section to the analysis of a surrogate reaction. The goal is to obtain the cross section for a reaction from a channel α to a channel χ, where the target A in channel α is unstable. The Surrogate approach to this problem would be to produce the highly excited compound nucleus B * in a surrogate reaction D(d, b)B * with an angle-and energy-differential cross section
where the left-hand side is the experimentally observable cross section, and the JΠ on the right-hand side denote different states of the CN populated via the incoming channel δ of the surrogate reaction. This decomposition must be provided by a reaction model calculation. Assuming that the final state of the D(d, b)B * reaction is a fully equilibrated system we can define the probability that the reaction produces B * with the quantum numbers JΠ as
In a surrogate experiment the ejectile b is measured in coincidence with an observable (e.g., a fission fragment or an emitted γ) that tags the channel χ of the desired reaction. Note that the energy of the ejectile (in combination with the scattering angle), the excitation energy of the CN, and the corresponding energy of the incoming projectile in the desired reaction, are all related to each other. The energy E in our formula can be interpreted as any of these quantities. The experimentally observed probability of this coincidence is
Let us consider a specific example: The reaction 92 Zr(α, α γ) 92 Zr was studied in a recent experiment by J. Church et al. [2] . This reaction can be used as a surrogate for 91 Zr(n, γ) 92 Zr. In the experiment, gammas from the decaying 92 Zr * were observed in coincidence with inelastically scattered α particles. The coincidence probability, P CN γ (E, θ), was measured as a function of ejectile energy and scattering angle. The goal is to compare the final, extracted σ nγ cross section from the surrogate analysis with existing direct measurements. This experiment will then serve as a benchmark that can help to validate the technique.
The angular momentum mismatch
Eqs. (5) and (8) constitute the Hauser-Feshbach formulation of the Surrogate reaction method. These expressions contain the same branching ratios, G CN χ (E, J, Π), but they are weighted differently because the JΠ distributions are different in the two reactions. In fact, this mismatch can be quite significant. The use of the Surrogate technique to extract low-energy (n, γ) cross sections is actually a rather extreme case since the neutron will bring in very little angular momentum to the CN compared with that typically
